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FOREWORD
This report is a periodic progress report for Test 1 submitted to the National
Aeronautics and Space Administration, Goddard Space Flight Center, Green-
belt, Maryland, as partial fulfillment of the terms of Contract NAS5-10415.
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1.0 INTRODUCTION
The need for a radiation resistant solar cell for space applications has long been
recognized. Historically, space vehicle solar power systems have primarily been
composed of n on p type silicon solar cells. These cells were selected on a best
available basis, Their susceptibility to essentially irrepairable radiation damage
with resultant loss in power output was accepted even though it was undesirable.
It was soon recognized that a loss in power represented a serious problem in the de-
sign of long missions at high altitudes or into deep space. Advances in silicon tech-
nology and the work by Pell and others pertaining to the characteristics of the lith-
ium ion placed in an interstitial position in the silicon lattice have proved to be
significant factors in the search for a radiation resistant solar cell,
The subject of this report is an experimental investigation of the effects of electron
radiation on lithium p on n type silicon solar cells. The investigation may be bro-
ken down into an observation of the following parameters:
(1) Radiation induced changes in the region of the p-n junction,
(2) Radiation induced changes in regions far from the junction, and
(3) Compensation of the changed or damaged areas by lithium ion diffusion.
The above parameters occur concurrently and are competing processes. It is assumed
then, that the rate of solar cell degradation is the difference between the rate of
introduction of damage centers and the rate of lithium ion compensation of these
centers. Furthermore, since the compensation process uses up lithium ions and the
lithium ion concentration is finite then the rate of solar cell degradation would in-
crease after long term exposure to a constant electron flux.
The major effect of radiation damage on the operation of a solar cell is a reduction
in the minority carrier lifetime. A decrease in lifetime results in a decrease in the
short circuit current. Minority carrier lifetime in the initial silicon starting mate-
rial is a few hundred microseconds. High tempero f,	in solar cell
production processes tend to shorten he lifetime. Radiation damage introduces ad-
ditional trapping or recombination centers which further reduces the minority car-
rier lifetime. Some lithium ion compensation will occur to neutralize these damage
centers. Lithium ion precipitation may also occur at these centers causing a reduc-
tion in solar cell conversion efficiency.
The rate of lithium ion compensation of radiation damaged sites is affected by sev-
eral factors. Among these are the operating temperature of the cell, lithium ion
drift in the photovoltaic field, lithium ion concentration within the lattice, and
lithium precipitation. The temperature dependence of lithium ion mobility (4) is
readily observable. The mobility may be calculated from the Einstein relationship:
µ =
	
q
D	 KT
where D (the diffusion constant is)
23 x 10 -4 exp - 15,200RT
for lithium in silicon.
The cells were irradiated at different temperatures and under different light condi-
tions to give insight into these effects.
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2.0 EXPERIMENTAL
A group of thirty-five lithium p/n solar cells plus five of the standard n/p cells
were irradiated for a period of 100 days. The solar cells were government furnish-
ed equipment. Cells were manufactured by different companies and were of differ-
ent types of silicon. The three principal types of silicon were float zone, crucible
grown, and lopex. The irradiation test was carried out in a controlled environment
having the following features:
(1) an electron flux of approximately 1 x 10 12 e/cm2/day,
(2) an illumination level of approximately 100 M'N/cm2,
(3) a pressure of approximately 10-6 Torr, and
(4) four different temperature levels: 200C, 700C, 1000C, -500C.
Of these features, the electron flux and the pressure were common to all cells. As
explained in the following sections, the illumination and the temperature of the
cells were varied. Table 1 gives the temperature and illumination condition of all
cells tested. Code numbers and silicon type ^float zone (F), crucible grown (C),
L
kpex (L) 
_j are gi yen.
2. ^ ELECTRON' SOURCE
A Strontium-Yttrium-90 source was selected as the isotope to provide the required
electron flux. Strontium-90 has a half life of 2i.7 years and decays by beta perti-
cle emission to Yttrium-90. Yttrium-90 also decays by beta emission with a half
life of 64.2 hours.
The maximum energy of the Sr 90 cnd Y90 betas are 0.545 MeV and 2.26 MeV re-
spectively. After a negligible time a secular equilibrium is established and the
source emits both betas at equal rates. The source material (Strontium titanate -
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TABLE
Solar Cell Temperature Solar Cell Temperature
Number 0 Number 0 
IRRADIATED WHILE DARK IRRADIATED WHILE ILLUMINATED
541 F 20D 558C 70L
570C 20D 605F 70L
571C 20D 530L 7CL
TI67 (N/P) 20D 557C 70L1	
569C 20D 531L 70L
542E 20D HEF759 TOOL
HEF757 20D 603F TOOL
618L 20D 604F 100L
HE7 (N/P) TOOL
IRRADIATED WHILE ILLUr:,.I` 1 ",TED 529L TOOL
552C TOOL
HEF760 2OL 551C 100L
563C 20L 602F 1001-
562C 20L 567C -50L
533L 20L 599L -50L
536F 20L 601F -50L
TI73 (N/ P) 20L 595L -50L
609F 20L 615L -50L
559C 20L 616L -50L
607F 70L 539F -50L
TI69(N/P) 70L COMI (N/P) -50L
554C 70L
4
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Sr Ti 0 3) was stabilized in an inert matrix of fused molecular sieve and encapsu-
fated in stainless steel tubes 1/8 inch in diameter with 10 mil thick walls. The ac-
tive length of each tube is 20 inches and the total length is 21 inches. Each end is
flattened and welded closed. Each tube contains approximately 10 curies of stron-
tium. Source tubes identical to those described above but with a lower specific ac-
tivity were used to obtain the spectra shown in Figure I .
Measurements and computations revealed that a planar stack of four source tubes,
each having an unshielded active length of i 2 inches, would be adequate to provide
the desired flux. A Faraday cup was used to measure the electron current at five
locations through the vertical plane occupied by the solar cells in the test chamber.
The results of these measurements are shown in Figure 2. Measurements were made
on one side of the chamber only.
The four source tubes are arranged into a plaque as shown in Figure 3. The source
can be remotely manipulated into the proper irradiation position through the use of
an external megnet. The source plaque was constructed in this manner in order to
deliver the required electron flux to both sides of the vocu-im chamber.
The vacuum system is discussed in Section 2.3. The symmetry of placement of the
solar cells on either side of the electron source is shown in Figure 5. Due to this
symmetry it was not deemed necessary to flux map both sides of the chamber.
1
	 2.2 ILLUMINATION
Illumination of the solar cells was provided by General Electric Type T-3 tubular
quartz, tungsten filament, lamps mounted in Research Incorporated solar heating
reflector assemblies, Series 5250. The reflector-lamp assembly is located as shown
I
in Figure 4.
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FIGURE 4 REFLECTOR-LAMP ASSEMBLY
Initial calibration of the illumination intensity was accomplished by probing the in-
terior of the vacuum chamber with reference solar cells. The"reference" cells (N/P)
along with their I-V characteristics, at 100 MW/cm 2, were furnished by GSFC. The
proper illumination was taken to be that intensity which would provide the I
sc 
of the
reference characteristics. A compromise betweer ',amp input power and orientation
with respect to the test cells was necessary to get a relatively uniform level across
the solar cell array. The lamps were operated in the range between 3/4 and full
rated power giving a peak of the spectral distribution between 1 .00 and 0.89 mi-
crons. The variation in I sc of the reference cells across the area of solar cell place-
ment was approximately b%.
Secondary "reference" cells (N/P) were placed outside of the four light calibration
ports. The Isc of these cells was measured with the lamps set as described in the
preceeding paragraph. These currents were used to drive a recorder thereby provid-
ing a continuous monitor of the illumination intensity. The secondary reference
cells provided for adjustment of the lamp input power to compensate for aging and
to make certain that the same illumination intensity was used for each data collec-
tion cycle.
1
	 2.3 VACUUM CHAMBER
I An integral combination of a 25 L/sec triode ion pump and a 550 L/sec titanium
3 sublimation pump with cooling coils for either water or LN 2 was used as the primary
vacuum pumping system. Solid state vacuum pumping equipment was utilized in an
effort to maintain an oil free vacuum environment.
The inside surfaces of the chamber were painted with 3M Company, Type 400, vel-
vet black non-reflective coating to minimize reflection from the chamber walls. A
relatively uniform level of illumination across the solar cell array was more easily
obtained due to this coating.
8
The vacuum chamber is divided into c , dark side and a light side by moving tF,e
source plaque into the irradiation position. Four lights were installed in the "light"
side of the chamber and two in the "dark" side. In this experiment, eight of the
cells undergoing irradiation were illuminated only during the data collection period
while the remaining 32 cells were constantly illuminated. Four lights were installed
in the "light" side of the chamber to guard against the possibility of a test interrup-
tion due to light bulb burnout. Two lights were used for day to day illumination of
the solar cells and two lights for the brief data collection periods. A backup sys-
tem was obtained in this manner. The lights on the "dark" side of the chamber
were turned on for data collection only. The short circuit current of the "dark"
cells was less than three microamps. Constant temperature reference solar cells
were mounted on the light calibration ports for the purpose of setting the light in-
tensity to the proper level prior to each data collection cycle. Figure 5 is a com-
ponent view of the overall vacuum test system.
Deviations in pressure from the desired range (1 x 10 -6
 - 5 x 10-6 Torr) were en
countered. These deviations account for approximately 20% of the test duration
and covered the range from 3.5 x 10 -3 to 5 x 10-7 Torr. The test was temporarily
interrupted after the cells had been exposed to n fluence of 7.2 x 10 -3
 electrons/
cm  to replace two leaking metal seals. Total down time was 146.5 hours. An oil
diffusion pump and mechanical pump were plumed into the system during the repair
interval. These pumps were operated as required untiI the end of the test. The oil
diffusion pump was equipped with an integral cold trap.
The time and temperature information pertaining to the test interruption are shown
in the data presentation,
2.4 TEMPERATURE CONTROL
The solar y ells wera divided into five groups of eight cells and each group was
9
wV)v^UQLL7W>HZWZOCCOULIOWcerDV_
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mounted on a separate heat sink. The heat sinks are all identical and were fabri-
cated by helium-arc welding a pair of stainless steel plates together. The lower
plate had a rectangular channel milled out to provide a path for water or refrigerant
flow and to increase the heat transfer surface. Heat sink temperatures were main-
tained at 200 ± 3°C, 20° t 3°C, 70° f 3°C, 100° t 3°C, and -50° t 3°C. One
of the 20°C heat sinks was installed in the dark side of the vacuum test system.
Two thermocouples were soldered to the top surface of each heat sink. The thermo-
couples were placed directly about the fluid inlet and outlet ports to provide tem-
perature monitoring and control. Fluid flow was adjusted to obtain the proper tem-
perature and to minimize the temperature differential across the heat sink.
An automatic over-temperature shut-off system was incorporated in the 70° and
100°C heat sink circuitry to guard against the high temperature that would be caus-
ed by a circulating water stoppage. The over-temperature system was set to operate
at 106°C and did operate on several occasions. On these occasions the 70° and
100°C heat sinks dropped to a temperature of approximately 65°C and remained at
this level until the system was manually reset. The time 0 65°C was in the range
of 7 - 8% of the test duration. No apparent discontinuities in the data were ob-
served due to this malfunction. The test interruption at 7.2 x 10 13
 e/cm 2 discussed
in the preceding section necessitated a change in temperature of three of the five
heat sinks. The 20°C heat sinks were maintained at 20°C. The 70° and 100°C
heat sinks were maintained at 52°C for 116 hours and 35 minutes. Most important
of all was the change in Tempe,ature of the solar cells being irradiated at -50°C.
In most cases a large percentage of the accumulated radiation damage was annealed.
The -50°C heat sink warmed to + 24°C and was at that temperature for 125 hours
and 45 minutes.
2.5 DATA COLLECTION INSTRUMENTATION
Two separate systems were used for collection of data. I-V curves were drawn using
a standard X - Y recorder. Point by point digital information was also obtained by
placing fixed resistors across the solar cells and using the voltages generated to drive
an automatic data collection system (Figure 6). The output of this system was then
run through a computer which sorted and re-arranged the data into an orderly tabu-
lation of digital I-V characteristics as a function of accumulated dose (e/cm2).
Data presented in this report was tc,ken from the digital information. An error was
made, however, in the I-V curves sui,mitted to GSFC. The current and voltage
axis were drive rs by the voltages generated across a 1 ohm resistor and a 0-100 ohm
potentiometer, respectively. The drop across the 1 ohm resistor was not included
in the voltage axis drive signal. The major effect of this error was to modify the
knee of the curve. Since several sets of data had been collected before the error
was recognized, no correction was made in order that the continuity of degradation
data be preserved.
12
FIGURE 6 INSTRUMENTATION DATA COLLECTION SYSTEM
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3.0 PRESENTATION OF DATA
The effect of lithium in producing recovery in silicon solar cells irradiated with a
low flux of electrons from a Sr 90 isotopic source has been investigated. In the ex-
periment, emphasis was placed on the observation of gross parameters; namely the
observation of the photovoltaic characteristics as a function of electron fluence.
Data was collected prior to, during, and after irradiation. Data was collected with
each cell at its specified test temperature and with the irradiation in progress. Data
relating to the practical application of the lithium solar cell is provided.
Experimental data is presented in the form of graphs of short circuit current and open
circuit voltuce as a function of electron fluence. In an experiment such os this data
is generated in profusion (760 individual plots of I-V characteristics and 10, 640 in-
dividual digital data points). Data was collected at 16 fluence levels from pre -irro-
diation to 1 .0 x 10 14 e/cm 2 . Three sets of post irradiation data were collected.
This data has been submitted to the contractor.
The experimentai 	 `a is p resented in Figures 7 through 20, Each curve is labeled
with the key number ^rigiriaioy scribed on the back of each cell. These numbers were
provided in order that th ^ v(,,'ous contributing solar cell manufacturers could refer
tack to lot or production !uns wi,ere the experimental evidence indicates some de-
sirable or undesirable characteristic. Data points on the graphs were eliminated for
clarity only. Statisticai processes were not used on the data 	 Each curve passes
either through or very near each data point. The irradiation st,:,ppage indicated on
each curve was caused by a temporary shutdown to replace lea ►. rig vacuum seals.
The temperature each heat sink went to and the time it was there during the shutdown
is shown.
The data for cell number 618L irradiated at 200C in darkness is bad. The contact to
i	 14
i
f
this cell was bad resulting in an essentially resistive I-V characteristic.
Visual inspection of the cells after irradiation did not reveal any significant changes
in coloration. Two mechanical fa i lures may have occurred in cells irradiated at
700C. These cells are numbered 531L and TI69 N/P. The failures appear to be
hairline fractures of either the cover-glass only or the entire cell, This may account
for the unusual peak in the current versus fluence data for cell number 531L. The
N/P cell appeared normal.
Figure 21 is a photograph showing the mounting of the solar cells on one of the heat
sinks and is typical of all othe r heat sinks.
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'	 A .0 CONCLUSIONS
The experimental evidence shows that the lithium solar cell has the intrinsic ability
of self annealing of damage caused by a low flux rate of electrons. Furthermore,
the rate of accumulation of unrepaired damage sites is very dependent on the oper-
ating temperature of the cell . Whether or not the radiation sensitivity of the cell is
influenced by the silicon manufacturinj technique is not clear. In comparing data,
it should be re.nembered that a statistical problem may exist since a relatively small
number of similar cells were tested at each temperature.
Comparison of Figures 7, 8, and 9 show that cells made from Lopex or float zone sil-
icon anneal to a significantly higher percentage of the initial value than do cells
made from crucible grown silicon when irradiated at -50°C and warmed to room tem-
perature for a brief period of time . However, looking at the 20°C and 100°C data
in these some figures would lead one to conclude that the differences in radiation
sensitivity of the three types of silicon are not very significant. Fi gure 8 shows
what would appear to be a threshold for damage in the Lopex cells irradiated at
70°C
 C.
Figures 10 and 11 show the characteristics of the polar cells irradiated at 20°C while
in darkness and while illuminated. The object of this setup was to observe the effects
on the lithium ion population in the depletion region of the photovoltaic drift field.
T	 In general, the illuminated cells did not deteriorate as rapidly as the dark cells. An
explanation of this observation is not clear. The direction of the junction field would
tend to drift lithium ions from the p side of the junction toward the n side . A net ac-
ceptor concentration is characteristic of p type material . Perhaps the smaller donor
(Li )concentration in the p region is sufficient to supply lithium ions to the drift
field and affect some degree of repair in this manner. The extremely long lithium
diffusion times used in the manufacturing process may give a relatively large lithium
concentration in the p region.
.g
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Figure 12 shows two of the Heliotek float zone cells. Many of these cells showed
an increase in short circuit current with increasing electron fluence .
Figure 13 shows the results of the irradiation on four of the n/p reference cells. Deg-
radation of these cells was relatively unaffected by temperature .
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5.0 RECOMMENDATIONS
1
A. It is recommended that for future testing data be collected in a digital format
3
only. Experimental data was collected using two instrumentation systems,
i.e., I-V plots and digital I-V data. Collection and processing of the digi-
tal data required ^-30 minutes whereas the I-V plots required — 3 hours. fur-
thermore, degradation as a function of fluence is more readily observable in
a tabulation of the digital data which can be obtained by computer processing.
B. It is recommended that a complete set of digital data be collected at each of
three light levels. Experimental data would then give a perhaps more satis-
factory method of determination of R
s 
as a function of fluence.
r
i
1
a
i
6
	 33
